Introduction
The plant apoplast is the intercellular space that surrounds plant cells. This is a dynamic environment in which many metabolic and transport processes take place. The major structural component of the apoplast is the cell wall, which is assembled and modified by enzymes, structural proteins and metabolites located within the apoplast. In healthy plant cells the apoplast is generally maintained in an acidic state allowing amino acids, sugars and other nutrients to be imported from the apoplast to the cytoplasm by H + symport 1 . During sucrose transport, sucrose moves from photosynthetic sources through the apoplast and into phloem vasculature; sucrose is then transported by an osmotic potential maintained by apoplastic invertases cleaving sucrose in the sink organs 2 . Sugars and other nutrients can also be transported upwards and accumulate in stomatal cavities through the transpiration stream 3 .
The apoplast also represents an environmental niche where many pathogens establish their parasitic lifestyle. Bacterial plant pathogens have the ability to multiply to high densities in the apoplast, which they access through natural openings such as stomata or through wounds 4 . The concentration of amino acids and other nitrogen compounds in tomato apoplast have been shown to be sufficient to support the nutritional requirements of bacterial and fungal pathogens 5, 6 . Primary defense responses towards microbial pathogens also occur in the apoplast, namely the production of reactive oxygen species by extracellular peroxidases and oxidases and the strengthening of the cell wall through crosslinking and callose deposition 7 . The plant cell wall is rich in secondary metabolites with anti-microbial activities; the biochemical nature of these secondary metabolites varies between species 8 .
As a result of the above-mentioned and other processes, leaf apoplastic fluid contains a variety of proteins, sugars, organic acids, amino acids, secondary metabolites, metals and other cations (e.g., Mg ). Solute concentrations in the apoplast of shoots are controlled largely by the balance of transport processes occurring between the apoplast and the xylem, phloem and cytoplasm 9 . However, metabolic reactions and microbial growth also consume or produce apoplastic solutes. The composition of the apoplast is known to differ between plant species and genotypes and in response to changing environmental conditions including light, nutrition and biotic and abiotic stresses 9 . By studying the composition of the apoplast and how it changes, including properties such as redox and osmotic potential, pH, nutrient/metabolite availability and enzymatic activities, one can gain novel insights into how plants respond to their environment. Understanding or characterizing the molecular changes that occur in the apoplast solution is complicated because it is a spatially structured and dynamic compartment in which metabolites and/or ions may be volatile, transient or associated with the cell wall and plasma membrane. Furthermore, different analytical techniques are required to cover the range of different chemical types.
, but the most established extraction method for leaves is infiltrationcentrifugation. This technique has been evaluated previously [11] [12] [13] and Lohaus et al. 2001 14 provide a thorough examination of many of the method's technical parameters. As implied by the name, the infiltration-centrifugation technique is a two-step method that essentially involves replacement of the apoplastic air space with an aqueous infiltration fluid, which mixes with the native apoplastic fluid, followed by recovery of the infiltration/apoplastic fluid mixture by gentle centrifugation of the leaves. As the recovered fluid is diluted and does not contain all compounds present in the apoplast (see below), this fluid is commonly known as apoplast washing fluid (AWF), or sometimes intercellular washing fluid, rather than apoplastic fluid. The infiltration-centrifugation technique is easily scalable allowing single or pooled AWF samples of adequate volume to be generated and subjected to a wide range of downstream biochemical and analytical techniques (e.g., protein electrophoresis, enzyme activity measurement, NMR, many types of chromatography and mass spectrometry). Leaf AWF is also useful as an apoplast mimicking growth medium for studying the interaction of plant colonizing microbes with their environment 5 .
In the following protocols we describe how to perform the infiltration-centrifugation technique using Phaseolus vulgaris cv. Tendergreen leaves, and provide some examples of downstream analyses with a focus on metabolomics. Importantly, methods to assess the quality of AWF are provided along with advice to optimize the procedure for different leaf types.
Protocol
NOTE: The choice of starting leaf material and standardization of plant growth conditions is critical as these factors can greatly affect the quality, variability and yield of AWF (Figure 1 ). Parameters to consider are shown in Table 1 and are discussed in more detail in the discussion. 
Generating Apoplast Washing Fluid
NOTE: During this protocol hazardous materila inculding microbial pathogens from infected leaves should not be washed down the drain; rather proper disposal procedures should be used.
1. Choose apparatus based on leaf size: 1. Infiltrate smaller leaves (e.g., Arabidopsis, bean) using a needleless syringe. Use a vacuum flask to infiltrate leaves that are too large to fit in a syringe. Use the vacuum flask method to infiltrate multiple leaves simultaneously. 2. Divide leaves that are too large for the available infiltration method into smaller sections using a razor blade. Thoroughly rinse cut leaf sections in distilled water prior to infiltration to remove cytoplasmic contaminants that exude from damaged cells.
2. Leaf infiltration using a 60 ml syringe: 1. Detach the leaf from the plant at the petiole using a razor blade. For compound leaves such as tomato, detach leaflets at the petiolule. 2. Rinse the freshly excised leaf by submersion in distilled water to remove leaf surface contaminants. Dry the leaf by gently blotting with absorbent tissue or paper. 3. Measure the leaf weight before infiltration. 4. Carefully roll and/or fold the leaf into a 60 ml syringe and fill the syringe with distilled water (other infiltration fluids may be used, see discussion). Eject any air within the syringe while lowering the plunger to approximately the 40 ml mark. 5. Cover the syringe tip with either a gloved finger or a piece of Parafilm, then create negative pressure within the syringe by pulling the plunger outwards to the 60 ml mark. Slowly release the plunger. NOTE: Quickly releasing the pressure may result in cell lysis and cytoplasmic contamination. 6. Unplug the syringe tip and eject any air, then replug the tip and press further downwards on the plunger to create a modest amount of positive pressure.
9. Measure the weight of the infiltrated leaf. Calculate the difference in weight before and after infiltration which closely approximates the infiltration volume.
3. Leaf infiltration by vacuum flask: 1. Detach the leaf from the plant at the petiole using a razor blade. 2. Rinse the freshly excised leaf by submersion in distilled water to remove leaf surface contaminants. Dry the leaf by gently blotting with absorbent paper. 3. Measure the leaf weight before infiltration. 4. Place the leaf (or leaves if infiltrating multiple leaves) in a 250 ml or larger side arm flask containing distilled water (other infiltration fluids may be used, see Discussion). Fully cover the leaves with the liquid. 5. Apply a vacuum to the flask. Gently agitate to release the air bubbles from the leaves. Carefully and slowly release the vacuum.
NOTE: Quickly releasing the vacuum may result in cell lysis and cytoplasmic contamination. 6. Repeat step 1.3.5 until the leaf is fully infiltrated, as seen by the darkened colour of the infiltrated areas. 7. Remove the leaf from the flask. Gently but thoroughly blot the leaf with absorbent paper to remove surface liquid. 8. Measure the weight of the infiltrated leaf. Calculate the difference in weight before and after infiltration which closely approximates the infiltration volume.
4. Recovery of AWF by centrifugation: 1. Place the leaf on a piece of 4 inch (10 cm) wide Parafilm. Using a 5 ml pipette tip (or a similar sized object), roll up the leaf within the Parafilm. 2. Insert the rolled up leaf with pipette tip into a 20 ml syringe. Position any cut leaf edges facing upwards. Insert the syringe into a clean 50 ml polyethylene or polycarbonate tube. 3. Centrifuge the syringe within the tube for 10 min at 1,000 x g in a swinging bucket rotor at 4 °C.
NOTE: Visual examination of the leaves following centrifugation should reveal that the majority of the infiltration fluid has been expelled. Darker green patches indicate that additional centrifugation time is required. 4. Pipette the recovered AWF into fresh 1.5 ml tubes.
NOTE: The volume of AWF should approximately match the infiltration volume for that leaf; if the volume is less then additional centrifugation time or centrifugation speed is required. 5. Centrifuge the AWF samples at 15,000 x g for 5 min to remove any cells or particulate matter. Alternatively, pass the AWF through a 0.22 µm filter to remove cells and particulate matter. 6. Pipette the supernatant into a fresh tube. Keep samples on ice until storage. 7. Store the AWF samples at -80 °C.
Assays for Cytoplasmic Contamination
1. Keep the AWF samples on ice to minimize enzymatic reactions (e.g., proteolysis) and perform the assays immediately after the centrifugation steps are complete. NOTE: For metabolite assays, samples may be immediately frozen after extraction and stored at -80 °C until use. 2. For a standard malate dehydrogenase (MDH) assay protocol see 15 ; otherwise use a commercially available MDH assay kit. 3. For a standard glucose-6-phosphate dehydrogenase (G6PDH) assay protocol see 16 ; otherwise use a commercially available G6PDH assay kit. 4. For quantification of cytoplasmic metabolites such as glucose-6-phosphate (G-6-P) use GC-MS as described in step 5. Otherwise, use a commercially available kit for the direct assay of G-6-P.
Calculation of the Apoplast Dilution Factor
5. With the lids closed, freeze the tubes in liquid nitrogen. 6. Transfer the frozen tubes to one or more chilled freeze-drying vessels. While transferring the tubes, replace the lid with one that has been pierced with a sharp object to allow gas exchange. 7. Attach the vessels to the freeze-drier and lyophilize the samples completely. 8. Remove the samples from the machine and reconstitute the AWF by adding the calculated amount of distilled water. 9. Replace the unpierced lid and store the samples at -80 °C. 
Metabolite Analysis by Gas

Representative Results
Typical results for AWF extractions performed on healthy 3 week old P. vulgaris cv. Tendergreenleaves, using distilled water as the infiltration fluid are shown in Table 2 . Young P. vulgaris leaves are amenable to infiltration, and at the centrifugation speed used here (1,000 x g) the removal of the majority of infiltration fluid by centrifugation can be seen directly as the leaves revert to their original green colour. P. vulgaris leaf fresh weight was on average 1.1 x g before infiltration and yielded 0.5 ml of AWF per gram fresh weight. The protein concentration of the AWF was determined to be 0.18 ± 0.08 mg/ml using a standard Bradford protein assay. The dilution factor for these leaves, calculated by measuring indigo carmine dilution, was 2.3 ± 0.3 fold. The above values can vary substantially between species and pilot experiments are required to determine the yield of AWF per gram leaf fresh weight, as well as the AWF protein concentration and dilution factor that can be expected for a given leaf type.
Damage to the integrity of the cells can occur both during the infiltration step, if the changes in pressure are too rapid, and during the centrifugation step if the centrifugal force is too high. It is therefore necessary to assay AWF samples for markers of cytoplasmic contamination; ideally, multiple independent assays are performed. Here, the results from three possible assays are reported in Table 2 . In well-performed extractions of P. vulgaris AWF, G6PDH was undetectable by a standard enzyme assay. This is consistent with other reports where G6PDH activity becomes detectable only above a threshold centrifugal force 12 . In contrast, a baseline level of malate dehydrogenase activity (2.5 U/ ml) was detectable in all P. vulgaris AWF samples using a standard metabolic assay. Increasing the centrifugal force above a threshold of 1,000 x g resulted in increased MDH activities (results not shown). As the apoplast from other species is known to contain endogenous MDH activity 18 , the amount detected here is considered genuine apoplastic activity and significant increases above this baseline level are indicative of contamination. Metabolites that are thought to be predominantly cytoplasmic, such as hexose-6-phosphates, can also be used to assess contamination of AWF. Here, GC-MS analysis detected zero or trace levels of G-6-P in AWF extractions. By contrast, in cut maize root sections, G-6-P was detected after AWF extraction at all centrifugation speeds and increased in concentration at higher speeds, indicating cytoplasmic contamination 10 .
Metabolite analysis by GC-MS of P. vulgaris leaf AWF typically yields 40 -60 identifiable metabolites and an approximately equal number of unidentifiable compounds (Figure 2) . Organic acids, simple sugars, and amino acids represent the bulk of the identifiable metabolites, however, secondary plant metabolites have also been detected and quantified from AWF 11 . Several example peaks from these different molecule classes are labeled in Figure 2 . Further downstream analytical techniques are applicable to these AWF samples to quantify various molecules, for example: ICP-MS, NMR, HPLC, atomic absorption spectroscopy, protein mass spectrometry.
The protein component of the apoplast is also represented in the AWF as shown in the Coomassie Brilliant Blue stained SDS-PAGE gel in Figure 3 . Among other roles, the apoplastic enzymes are responsible for the synthesis of the cell wall and the creation of extracellular reactive oxygen species. Proteomic studies of AWF from various species have identified dozens of individual proteins and shown that the protein component of the apoplast responds to environmental stress 13, 19 . Ideally AWF extract should be free from contamination by cytoplasmic proteins such as Rubisco; however in practice this is difficult to achieve. The presence of a Rubisco protein band at ~53 kDa following SDS-PAGE provides a further qualitative assay for the integrity of AWF samples. For example, the sample loaded in lane 2 in Figure 3 
Discussion
Optimizing the plant tissue source
Biological and technical variation can be large when performing apoplast extractions, thus a highly standardized workflow is helpful to increase continuity across experiments (Figure 1) . Importantly, the source of plant tissue must be standardized, including leaf type, leaf age, growth/ environmental conditions and time of day ( Table 1 ). Large differences exist in the ease with which different leaves are infiltrated and the AWF subsequently recovered by centrifugation; these differences are correlated with stomata number, aperture size and mesophyll resistance 12, 14 . Even among different cultivars of P. vulgaris there are large differences in the ease and yield of the AWF extraction procedure; for example leaves of the Tendergreen variety used here are more amenable to AWF extraction using this method than the Canadian Wonder cultivar. Within P. vulgaris the first true leaves are the biggest and the easiest to infiltrate, making them the obvious choice for apoplastic extractions. The apoplastic air and water volume has been shown to vary with leaf age in several species leading to differences in AWF extractability 12, 14 . In P. vulgaris, older leaves become substantially more difficult to infiltrate and yield less AWF upon centrifugation; therefore leaves were harvested when they reached full expansion. Leaves which are difficult to infiltrate subsequently require higher centrifugation speeds to recover the AWF. One should therefore carefully screen several different leaf types and varieties before deciding upon a tissue source for large scale AWF extractions.
Plant growth conditions must also be standardized as much as possible within the context of the experiment. The use of growth cabinets is preferable as they allow consistent humidity, temperature and light intensity regiments to be maintained. The harvesting of leaves should always occur at the same time of day because the concentrations of metabolites, enzymes, etc. vary throughout the diurnal cycle . The use of Parafilm for support during the centrifugation step, as noted by Baker et al. 2012 11 , can improve the efficacy of the AWF extraction and may minimize mechanical damage to the leaf blade caused by excessive folding and compression. Furthermore, the use of Parafilm improves visualization of the leaf after centrifugation when one should examine the leaf for damage and completeness of the AWF extraction.
Nouchi
12 describe the optimization of AWF recovery from cut rice leaf sections, which are difficult to infiltrate and require higher centrifugation speeds to collect AWF because of their small stomatal openings. Improved wetting of the rice leaf surface, either by presoaking the leaves in distilled water or the addition of a surfactant to the infiltration fluid, facilitated the infiltration process. A higher centrifugation speed (6,000 x g) was also used while monitoring for apoplastic contamination 12 . When using cut leaf sections there is always the risk that cytoplasmic contamination will be more prevalent even with extensive washing of the wound sites; cut leaves should therefore only be used when necessary.
For many studies distilled water is used as the infiltration fluid 11 . However, compounds may be added to the infiltration fluid, such as salts or buffers, to improve the extraction of certain apoplastic compounds, especially proteins 13 . Lohaus 14 evaluated the effect of ionic and osmotic strength on the composition of the recovered AWF and found them to be negligible. Changes in pH of the infiltration medium, however, may affect the AWF composition 14 .
Proper handling and storage of the extracted apoplastic fluid is important. AWF has been shown to contain an abundance of proteases and other enzymes 13, 20 , as well as volatile organic compounds. Therefore, to reduce changes to the composition of AWF after recovery it is recommended to keep samples on ice or otherwise stored at -80 °C. Furthermore, enzymatic assays of AWF should be performed as soon as possible after extraction to limit enzyme inactivation due to proteolysis, prolonged dilution or freeze-thawing.
The process of infiltration dilutes the apoplastic fluid and it is often necessary to determine the extent of this dilution. The centrifugation step may also dilute the AWF with water from intracellular compartments. A dilution factor is needed to estimate in vivo apoplast chemical concentrations when measurements are made on AWF. A dilution factor is also needed to concentrate AWF back to full strength when it is being used as an apoplast mimicking growth medium for microbes -thus matching in vivo metabolite concentrations as accurately as possible. Several variations exist on the method described in step 4 for determining the AWF dilution factor by measuring the dilution of a marker compound added to the infiltration fluid. For all methods the AWF dilution calculation assumes that the infiltration fluid is not appreciably absorbed or diluted by the leaf cells during the AWF recovery process. This assumption has been previously verified for the infiltration step 14 but is unverified for the centrifugation step. The marker compound must also not be absorbed, transported or modified while in the apoplast. Indigo carmine is the most widely used and thoroughly tested of dyes used for AWF dilution calculations. Indigo carmine displays a low absorbance to cation exchange resin and isolated cell walls and was shown to be suitable for AWF calculations in Brassica napus, Pisum sativum, Solanum lycopersicum and Glycine max 11, 21, 22 . However, in some leaf types, e.g., rice and cucumber, indigo carmine appeared not be fully recovered after infiltration, which would lead to an underestimation of the AWF dilution factor 12, 21 . The lack of recovery of indigo carmine may be due to its susceptibility to cleavage into isatin sulfonate by superoxide 23 , which is known to be produced in the apoplast, especially under stress 24 . Cleavage of indigo carmine into isatin sulfonate will result in a loss of absorbance at 610 nm and an increase at 245 nm. Whether this reaction occurs to an appreciable extent in the apoplast, or whether this reaction can be inhibited by the addition of superoxide scavengers to infiltration fluid has not been investigated to date. Blue dextran has been used instead of indigo carmine for quantification of the AWF dilution factor in rice leaves 12 , though its stability and recovery in AWF has not been reported. Alternatively, radiolabelled compounds such as [ 14 C] sorbitol or other quantifiable internal standards can be used instead of dyes and the decrease in radioactivity or concentration measured and used to calculate the dilution factor in an analogous way 11, 14, 25 .
Limitations of the technique
A few caveats exist for the infiltration-centrifugation AWF isolation method. First, the dilution of the apoplast during infiltration may elicit a response from the plant. If the surrounding leaf cells detect a diminished concentration for certain components of the apoplastic fluid, they may respond by excreting further metabolites, distorting the interpretation of metabolite concentrations. In an assessment of this problem it was observed that neither the time between infiltration and centrifugation nor moderate differences in the ionic strength of the infiltration fluid affected the composition of the extracted AWF 14, 22 . Therefore, any artifacts resulting from apoplast dilution are thought to be minimal.
A second potential drawback is that elution of AWF by centrifugation does not capture all the molecules present in the apoplast for several reasons. Some compounds, in particular cations and proteins may be tightly associated with the negatively charged cell wall and not elute with the AWF 13 . Other molecules such as proteins may be too large to elute efficiently out of the apoplast at the centrifugation speeds used 14 . Reactive oxygen species are an important class of compound produced in the apoplast, but due to the short-lived nature of these compounds, and unspecified requirements for their production, their presence is not well captured by AWF extraction. It is not known how accurately AWF represents the in vivo composition of the apoplast fluid and this may vary between species.
Several assays exist to determine cytoplasmic contamination, though none are universally accepted. Assays of predominantly cytoplasmic enzymes (e.g., G6PDH, hexose phosphate isomerase, MDH) have the benefit of being easy to perform but may not correlate well with cytoplasmic leakage 14, 18 . The assessment of cytoplasmic metabolites (e.g., hexose phosphates, chlorophyll) is perhaps more indicative but is less well established 11 . Nevertheless, either type of assay can be useful for relative quantification of apoplastic contamination between samples. Ideally, multiple independent measurements should be used to validate the integrity of the AWF sample.
